Upon overexpression, GluR1 subunits form homoficking behavior (Shi et al., 2001 ). GluR3 localizes in dendritic spines like GluR2, but by itself cannot incorpomeric receptors that have an electrophysiological property (inward rectification) which distinguishes them from rate into synapses based on electrophysiological tagging assays. However, GluR3 did not prevent the constiendogenous heteromeric AMPA receptors in hippocampal pyramidal neurons. The appearance of inward rectifitutive delivery of heteromeric GluR2/GluR3 receptors to synapses. The subunit-dependent trafficking behavior cation in excitatory postsynaptic currents (EPSCs) can be used to infer the delivery of functional GluR1 recepof AMPA receptors revealed in these studies has wider implications. The large families of subunits that encode tors to postsynaptic sites. Using this "electrophysiological tagging" approach, Malinow and colleagues showed most receptors and ion channels in neurons may have evolved to allow a more sophisticated control of the that overexpression of GluR1 in neurons by Sindbis virus infection was insufficient for GluR1 incorporation into subcellular targeting of receptor/channels, rather than, or in addition to, an increased diversity of electrophysiosynapses. However, homomeric GluR1 receptors were "delivered" to synapses in response to NMDA receptor logical properties. The electrophysiological tagging approach in virusstimulation and activation of CaMKII . This recruitment required the C terminus of GluR1, transfected brain slices is elegant in that it provides a functional assay of synaptic AMPA receptor delivery and which binds to the PDZ protein SAP97.
GluR4 behaves similarly to GluR1 in terms of NMDA allows a genetic dissection of the sequence determinants involved. However, it lacks the spatiotemporal receptor-dependent delivery to synapses; however, unlike GluR1, homomeric GluR4 does not require CaMKII resolution to uncover the precise cell biological mechanisms that underlie AMPA receptor trafficking to synactivity (Zhu et al., 2000). GluR4 is expressed earlier in development than GluR1, thus these long-tailed GluR apses. For instance, it is not clear whether the regulated "synaptic delivery" of electrophysiologically tagged subunits may be involved in regulated synaptic delivery of AMPA receptors at different stages of brain ontogeny:
AMPA receptors is mediated by exocytosis from intracellular pools directly into the postsynaptic membrane, GluR4 during maturation of synapses, and GluR1 during plasticity of mature synapses.
or by lateral translocation from extrasynaptic regions on the neuronal surface, or both. Clearly, exocytosis of A major insight from Shi et al. (2001) was that unlike GluR1 and GluR4, the synaptic delivery of GluR2 is consti-AMPA receptors is required at some point for synaptic delivery, since interfering with postsynaptic membrane tutive and independent of activity. For this experiment, the GluR2 ion channel had to be engineered such that fusion prevents synaptic potentiation and causes rundown of basal transmission (Lledo et al., 1998; Lü scher it was inwardly rectifying and distinguishable electrophysiologically from endogenous AMPA receptors. et al., 1999). However, the possibility that AMPA receptors are first inserted into nonsynaptic regions of the Electrophysiologically-tagged GluR2 homomers accumulated in synapses, as judged by inward rectification. neuronal surface before translocation into synapses is raised by studies of the Stargazer mouse mutant (Chen However, there was no change in the overall amplitude of EPSCs, implying that GluR2 receptors were being et al., 2001). Stargazin-deficient cerebellar neurons lack surface AMPA receptors, and this phenotype is rescued exchanged for existing endogenous synaptic AMPA receptors rather than being added to them. Consistent by transfection of wild-type Stargazin. Importantly, however, a mutant Stargazin lacking its C terminus restores with this interpretation is that unlike GluR1 and GluR4, GluR2 homomeric receptors were not delivered to silent the surface but not the synaptic expression of AMPA receptors. This finding implies a two-step mechanism synapses (which lack AMPA receptors). The synaptic accumulation of GluR2 required its C-terminal PDZ bindfor AMPA receptor synaptic targeting, raising the possibility that surface translocation from nonsynaptic to syning sequence, suggesting that interaction with GRIP/ ABP or PICK-1 is important. The cytoplasmic tail of aptic sites may be a regulated step in synaptic delivery. Not all AMPA receptors need be recycled. A subset targeting and synaptic delivery of GluR1/GluR2 heteromers. The site of surface insertion of AMPA receptors is of AMPA receptors may be diverted after internalization to non-recycling endosomes or lysosomes under particunknown, but we propose that it occurs at extrasynaptic sites and is followed by rapid translocation into synular conditions (Ehlers, 2000; Lin et al., 2000) . PDZ-mediated interactions may specify the intracellular sorting apses. Either or both these steps require molecular interactions of the GluR1 C terminus, presumably with PDZ of AMPA receptors, as they do for other membrane receptors. Degradation of AMPA receptors after endoproteins. GluR1/GluR2-containing receptors can be recruited into synapses that lack AMPA receptors or that cytosis is a possible mechanism for controlling synaptic AMPA receptor levels in the longer term. In synaptic depression, the prevailing evidence suggests that GluR2-or GluR3-mediated endocytotic borne out for activity-dependent internalization in neurons, the subunit-specific rules governing AMPA recepmechanisms are activated, perhaps involving phosphorylation of the GluR2/3 C terminus and consequent retor endocytosis would be the opposite of those governing synaptic delivery.
AMPA Receptor Internalization
lease from GRIP/ABP anchors (Carroll et al., 2001 ). Per-
